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Indirect searches of New Physics

Precision measurements of SM processes can allow to test
New Physics at scales not reachable by direct searches.

The SM EFT allows to describe the low-energy effects of heavy New Physics

SM + heavy New Physics
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We can describe small deviations from the SM
IN an expansion of Energy over the mass scale of New Physics.
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Two broad strategies for looking for deviations from the SM

Deviations in on-shell* f z W t L
1) couplings between SV ~-==
particles ’1{ &(ﬁw i 5\3 ;
&
T
;2) Deviations in the tails of
differential distributions
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S
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1) Z(W)-pole observables, Higgs couplings,..

2
The relative deviation b ~ O 2 M7 9
from the SM is: pole Y A2 Ci ™~ Gy

g+~ 1
LEP-I: Opole S107° Z—p A =3 TeV

At LHC these measurements are limited by systematic (incl. theory)
uncertainties.

Not much room for improvement beyond ~ (few) % level
[few exceptions, e.g. mw |
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2) Deviations in the tails of 2 » 2 processes

Energy helps accuracy’ [see e.g. Farina et al. 1609.08157]

David Marzocca HEFT 2018



2) Deviations in the tails of 2 » 2 processes

Energy helps accuracy’ [see e.g. Farina et al. 1609.08157]

Less precise measurements at high energy can be
Competltlve with very precise ones at low energy.

| We focus on operators
' whose interfering amplitude with the SM |
grows quadratically with the energy
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Ellis, Sanz 1410.7703;

" " Greljo et al. 1512.06135:
Va I I ty Plehn et al. 1510.03443,1602.05202:;
Contino et al. 1604.06444;
Falkowski et al. 1609.06312:

Any experimental limit in the /\2
EFT approach will be on the UJ E_.z < cgm C ¢ T ‘SM"
combination N | ™
NV
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2
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Ellis, Sanz 1410.7703;
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Contino et al. 1604.06444;

Falkowski et al. 1609.06312;

Any experimental limit in the

combination

/\2

| 2...
EFT approach will be on the UJ < < cgm C ¢ %— ‘Spwe.
| ~p

C %4

&

Limit consistent
with EFT

This region is possibly excluded by same
search, but using a ‘direct search’ approach.

> 6,

Bad precision at high energy
could mean that no scenario is
being probed consistently with
the EFT.

Increasing the precision
enlarges the size of the triangle,
accessing more weakly coupled
models.
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2 — 2 processes at high-pr

In this talk | will focus on:

Diboson (and VH) production
( )P Dilepton production

9 \/ at high mye

[ 4

N
) , A
q \ )

Constraints on
ggHDuH operators.

\Q/

or anomalous triple-gauge couplings Constraints on qqe¢
(aTGC) four-fermion operators

See e.g. 1712.01310
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| EP-2 #F data

The Z (or y) is off-shell

Z/y

et f e’ f

See [Falkowski et al. 1511.07434] for

This bounds four-fermion operators global fit of 4-lepton operators

Assuming “universality” (i.e. only Z,W propagators are affected)

universal form factor (£) contact operator (L) W and Y parameters of
a %W @
W — o (D, W)’ — oz L LG [Barbieri et al. hep-ph/0405040]
Y 2 97 Y ..
Y — 55 (9, B “ang, e < 103 precision from LEP
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Dilepton production @ LHC

Extra local interactions

A very simple process. ) 2/ ) i r

In full generality, at dim-6 g 1

in the EFT expansion: - 2 - -
9 9 {
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Dilepton production @ LHC

Extra local interactions

A very simple process. ) 2/ ) i r

In full generality, at dim-6 g 1

in the EFT expansion: - 2 - -
9 9 {

The main observable is the ££ invariant mass distribution.
Don't even need a Lagrangian to describe it:

A (G, @y, = Ly 0) =1 ), Y (@7 q7) (Tyut) Foe(p?)

qdL-9R KL lp
qt , | |
F(p*) =69 B2Y LSl 8%8% | &ij .- Local interactions, i.e.
! p? p2—mZ+imzly = V2 4-fermion operators.

[Greljo, D.M. 1704.09015]
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Dilepton production @ LHC

Extra local interactions

A very simple process. ) 2/ ) i r

In full generality, at dim-6 g 1

in the EFT expansion: - 2 - -
9 9 {

The main observable is the ££ invariant mass distribution.
Don't even need a Lagrangian to describe it:

A (G, @y, = Ly 0) =1 ), Y (@7 q7) (Tyut) Foe(p?)

qdL-9R KL lp
qt , | |
F(p*) =69 B2Y LSl 8%8% | &ij .- Local interactions, i.e.
! p? p2—mZ+imzly = V2 4-fermion operators.

[Greljo, D.M. 1704.09015] - — B

p 49 _(40) | TarZaale.e)lFu(wso)
Convolute with parton lumi: | — = ( ) x —1
’ A7\ o L Zyglw ) F (e

T=mj, /so
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Dilepton production @ LHC

. _ =

do _ (d_6> y Y0 Lag(T,1r)|[Fye(Ts0) |
dt \dt )su | LgeZLag(T1r)|FY (Ts0)]* |
& = =

Just rescale the SM prediction with
this factor and compare with the
experimental results.

-.(B 7 T T T T T T T T T | T T Q
g 10 ATLAS Preliminary Iil g/atf‘ =
_ -1 Y N
= Dielectron Search Selection Dib -
105 = 1 Di oson ]
= [ Multi-det & W+dJets
100 B —Z, (3TeV)
= —Z, (4 TeV)
10° E —Z, (5 TeV)
1 02 ;? T, . ) //
10 ) 9 /
e y el 4
10-1 ;? 1] ---_-i.\‘ N N
= [ATLAS- CONF-2017-027] -~ 2 - -
102 il q 7 {
| ] ] ] ] | ] ]
100 200 300 1000 2000

Dielectron Invariant Mass [GeV]
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L epton Flavour Universality ratio

Differential LFU ratio
doyy ,doyg, B Zq,u qu‘(mgf/smHF)‘Fqu(m%E)yz

dmy " dmg Y0 Lag(m?/s0, 1r)|Fye(m32,)|?

R/,L+u_/e+e_ (mff)

[y e ep o pt) [do (pp o eten), s =13 TV QCD and EW corrections are
o (4 TeV) (027" 02) (L2 Yal.o) 1 flavour universal: such ratios will
L2t reduce theory uncertainties in the
LI ATV 2@y O Eaval) ° SM prediction.
\Y) - .
'S 1.0f I
+:: I SM
a2 0.9F ]
0.8f -0 TeV) 2@ 02y 'L) ] Tests of LFU are strongly
O : motivated by the
500 1000 1500 2000 2500 3000 3500 4000

B-physics anomalies.
m ¢+ - |GeV]
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Limits on 36 4-fermion operators
7 ’

7 {

Neglecting flavour-violation, in the Warsaw basis there are
36 independent ggll (£=e,u) operators which interfere with
the SM amplitude (i.e. vector-type) in pp—£+L-.

Having ditferent chiralities and field content, they do not
interfere with each other.

David Marzocca HEFT 2018



Limits on 36 4-fermion operators

[Greljo, D.M. 1704.09015]

Limits in the Warsaw basis, shown here one operator at a time.
We have the complete Likelihood function and checked: no sizable correlations
since different operators do not interfere (different flavours and chirality).

ATLAS 36.1 fb!

3000 fb~!

3000 fb~!

CdRLl
CdR€R

1
C(QZ)Ll

3
C(QZ)LI

CQZeR
CSRLI

C

SRER
CCRLI
C

CRER
CbLLl
(ijeR
CbRLl
(jbReR

[-0.0, 1.75] <1073
[-8.92, -0.54] x10~*
[-0.19, 1.92] x 1073
[0.15, 2.06] x1073
[-0.40, 1.37] x1073

[-2.1, 1.04] x1073
[-2.55, 0.46] x1073
[-6.62, 4.36] <1073
[-8.24, 2.05] x1073
[-4.67, 6.34] x1073

[-7.4,5.9] x1073
[-8.17, 5.06] x1073
[-0.83, 1.13] x1072
[-0.67, 1.27] x1072
[-1.93,1.19] x1072
[-1.47,1.67] x10~2
[-1.65, 1.49] x 1072
[-1.73, 1.40] x 1072
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[-1.01, 1.13] x10~*
[-3.99, 3.93] x107
[-1.56, 1.92] x10~*
[-7.89, 8.23] x107
[-1.8,2.85] x10~*
[-7.59, 4.23] x10~4
[-3.37,2.59] x10~%
[-3.31,1.92] x1073
[-8.87, 7.90] x10~*
[-2.11, 3.30] x1073
[-3.96, 2.8] x1073
[-3.82,2.13] x1073
[-3.74, 5.77] x1073
[-2.59, 4.17] x1073
[-8.62, 4.82] x1073
[-7.29, 8.99] x10~3
[-8.86, 7.48] x 1073
[-9.38, 6.63] x1073

C; ATLAS 36.1 fb~!
C<QRL2 [-5.73, 14.2] x10~*
C(Q31)L2 [-7.11, 2.84] x10~*
C,r2 | [-0.84,1.61] x1077
Cupiiz [-0.52, 1.36] x1073
Cotpe | [-0.82,1.27] x1072
Cporz | [-2.13,1.61] x1077
Capup | [-231,1.34] x1073
cgng -8.84, 7.35] x 1073
C(Q32)L2 [-9.75, 5.56] x 103
Corpp | [-7.53,8.67] x107°
Cyr2 | [-1.04,0.93] x1072
Copue | [-1.09,0.87] x1072
C.2 | [-1.33,152] x107>
Cerig [-1.21, 1.62] x 1072
Cpr2 | [-2:61,2.07] x1072
Chy g [-2.28,2.42] x1072
Cpr2 [-2.41,2.29] x1072
Copup | [-2:47,2.23] x1072
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[-1.30, 1.51] x10~*
[-5.25, 5.25] x1073
[-2.00, 2.66] x10~*
[-1.04, 1.08] x10~*
[-2.25,4.10] x10~*
[-8.98, 5.11] x10~*
[-4.89, 3.33] x10~*
[-3.83,2.39] x1073
[-1.43, 1.15] x1073
[-2.58,3.73] x1073
[-4.42,3.33] x10~3
[-4.67,2.73] x1073
[-4.58, 6.54] <1073
[-3.48, 6.32] <1073
[-11.1,6.33] x1073
[-8.53, 10.0] x10~3
[-9.90, 8.68] x10~3
[-10.5,7.97] x1073



Limits on 36 4-fermion operators

[Greljo, D.M. 1704.09015]

Limits in the Warsaw basis, shown here one operator at a time.
We have the complete Likelihood function and checked: no sizable correlations

since different oper=tars f , lity).
| -3 -2 ' QT
¢ | smassint  ~ 103-102 precision now
cln | 1:0.0, 1751 x1073 |
C<Q31>L1 [-8.92, -0.54] x10~* 93 'U'z Gy=1
C, 1 | [:0.19,1.92] x1073 _ J¥ H 8 T \/
CMZeR [0.15, 2.06] x1073 (- —s = 2 ¢
Cole, | [-0.40,1.37] x1077
Cuorl [-2.1,1.04] x1077
Ciper [-2.55,0.46] x1073
C(Q12>L1 [-6.62, 4.36] x1073 ]
¢, | 8.24,2.05] x10°° a 5-10 -fold improvement
Cpe, [-4.67, 6.34] x1073 |
Ci;: [-7.4,5.9] x1073 L at HL-LHC
Cover | [-8.17,5.06] x1073 | [-3.82,2.13] x1073 Corup | [-1.09,0.87] x1072 | [-4.67,2.73] X102
Cepr! [-0.83, 1.13] x1072 [-3.74,5.77] x1073 Cerl? [-1.33, 1.52] x102 [-4.58, 6.54] x107°
Cerer | [067,1271 x1072 | [-2.59,4.17] x1073 Ceppp | [-1.21,1.62] X107 | [-3.48,6.32] x107?
Cyopt | [-1.93,1.19] x1072 | [-8.62,4.82] x1073 Cpr2 | [-261,207] x107% | [-11.1,6.33] 1077
Cpen | [-1.47,1.67] x1072 | [-7.29,8.99] x10~3 Coue | [-2.28,2.42] x107% | [-8.53,10.0] x107° 2
Cpr! [-1.65,1.49] x1072 | [-8.86,7.48] x10~3 Chrr2 [-2.41,2.29] x107> | [-9.90, 8.68] x 1077 Cx — ch
Chper [-1.73, 1.40] x1072 [-9.38, 6.63] x1073 Chrug [-2.47,2.23] x102 [-10.5,7.97] x10~3
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Assuming Universality

[Farina, Panico, Pappadopulo, Ruderman, Torre, Wulzer 1609.08157]

All 4-fermion operators aligned with the W and B currents:

2 2
92 W g a g p g1 Y "
2 L La 2 Jy ,Jy
2ms,, H 2m7y, M
15[ o
| " Srevosm]  Limits from LHC are already
1of | oot 1o s | competitive/better than those from
| - | LEP and will improve even more with
| i more data.
I WIS
!
T o |_p Ppp—tv hasalso potential to
- -l | H :
s e ; provide strong bounds!
-15 -10 -5 0 5 10 15
Wx10%
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Controlling the EFT (1)

[Farina, Panico, Pappadopulo, Ruderman, Torre, Wulzer 1609.08157]

How do the limits vary when using only events with MMyy < Acut

pp = "I
3: 1 1 1
107 E =1 | Derivative expansion
- N breakdown
3L
m -
o
D 0_
>t. 10 -
= N
[ 10°W 10°Y ;
1o-1| dotted: 8TeV, 20fb~" '——1__‘;:—_ ________ ~
- solid: 13Tev, 0.3ab°" TTTTOoo E
.| dashed: 13TeV, 3ab™

;3 1 1 1 1 1 |1 IO3 1 ;3
/\CU’[ in GeV

Limits saturate at Acut ~ 2-3 TeV at 13TeV.
(more luminosity = more events at high energy)

David Marzocca HEFT 2018



Application to

B-physics anomalies
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Neutral-current B-anomalies

/P' 5 Angular distributions in pu B I
nB = K* yu |
> 50

| Possibily affected by
non-perturbative QCD corrections

o=~ A— . Generated at 1-loop in the SM.
/'LFU ratios | -

B(B— KWutu~)
() —
RIE™) B(B — K®ete™)

b Ve > Vs S
| WW
| 0
Theoretically clean ~ 40 Z, Vi%<
| %

| | 6D|Armc|o|e|t|ql.|2|91|7| lllll o
i 14-  Cpsw // C/BT‘\(’/// e —
| - N 7 | / . . :
| 1.2 BS“/*\ AT s Best New Physics interpretation:
. - CBSI Ny
S 1.0
RS - i~ - 1
0'8: \‘\~ E i (_ b )(_ ,u, )
06: T | | A2 SL/Y/,L L MLV ,UJL
: ‘ bsu

0-4: ||||| L| [|/ ||||||||||||||||| .

L Am~32TeV
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Flavor in dimuon tails?

Can we test this contact interaction
directly at the LHC?

'} <
present (future 3ab-1) limits:
Aps>2.5(4.1) TeV

P — While for the anomaly:  Apg, ~ 32 TeV
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Flavor in dimuon tails?

Can we test this contact interaction
directly at the LHC?

'} <
present (future 3ab-1) limits:
Aps>2.5(4.1) TeV

P — While for the anomaly:  Apg, ~ 32 TeV

However

In a most flavour models, this tlavour-violating operator is related to
flavour-conserving ones, which are less suppressed:

A2 s (827ubL) + (qyuar)] (Ao pr) Ay < 1

qqu \&

LHC might test this!  Agqu < Apsy
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Flavor in dimuon tails?

2

Instead of working with A, | go C = Y
: _ bsp A2
back to admensional parameters: bs
bp cbhr
LN D 5 (ay ) By ) + — 5 (dy yud)) (ALY r)
Caw 0 O Cqu 0 O 29 =C I
Cg‘u( 0 Ceu O ), CZ‘“( 0 Cyy Cgsu) bs bS,u/ "
0 0 Cy 0 Cpsu Cou /) Cosu IS fixed by the anomaly

The flavour structure is
predicted in a given model.

e.g. Aps?~ Visin MFV
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Flavor in dimuon tails?

2
Instead of working with A, | go C = Y
: _ bsp A2
back to admensional parameters: bs
Uuu CDu

LMD 0 (@ ] ) (B o) + — 5 (d Yud ) (R )

U D * bS T bS‘u Q.u
Cbs,u

0 0 Cy 0 Cpsu Chpp s fixed by the anomaly
0.0207 — T
0.010-
: 0.005 -
The flavour structure is , |
: . . 0.002 - ' o N14><1()_37
predicted in a given model. Co 000177 7TTTTTT N Dl ~ L. fi
5x107* S |
e.9. Aps?~ Visin MFV 2%107 §
1107+ :
B A
0.010.02 0.050.100.20 0.501.00
As
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Minimal Flavour Violation

Assumption: The only breaking of the SU(3)°
flavour symmetry is via the SM Yukawas. g’

Cou 0 0 Cau 0 0O Co—Coi —Cr =
u D * : W du — Lsu —LYpu — LD
Cij‘u — ( O CC[.L 0 ) , Cl-j'u = ( O CS[,L CbS[.L —— 8 u ,LL au’ :u
0 0 Gy 0 GCpsu Cpy

1 Cosu| ~ [VinV;iy7 Coul

\

We get a prediction for Cp,
(which is tested by LHC)

|Cpy| ~1.4x 1073
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Minimal Flavour Violation

Assumption: The only breaking of the SU(3)°

flavour symmetry is via the SM Yukawas. |

Cou 0 O Cap 0 O
Cl=| 0cCu 0 |, = 0 Cyu Gy,

MFV case — 95% CL limits

|||||||||||||||||||||||||||||||||||

Triplet‘\‘

David Marzocca

) _ I

We get a prediction for Cp,
(which is tested by LHC)

[Cowul ~ VioV252Coul

\

|Cpy| ~1.4x 1073

qquu operators with valence quarks
are tested better than per-mille level.

The MFV solution is already in
strong tension with LHC!

HEFT 2018



Compare to explicit model

Model with a spin-1 singlet MFV Z'.

|
2* 2 %& % . ﬁ
2
M, : e
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1.4}

0.0

1.2}

0.6
0.4F

0.2F

Compare to explicit model

Model with a spin-1 singlet MFV Z'.

|
2* 2 %& % . ﬁ
2
M, : e

95% CL limits on MFV Z' from p p - u I’

ATLAS 13 TeV, 36.1 fb_

Such an explanation of the
,,,,,, _ anomalies is
,,,,,,,,, _: excluded for any mass.

L 4
’Q

EFT limit

L 4
L 2
L
L d
L
L 4
L d
L 4
L 4
L d
L d
*
L
L 4
L d
L 4
L g
L d
L 2
L 4
L d
L
L 4
L 4
L g
-
(2
*
'O
-

For Mz = 4-5 TeV the EFT expansion

Limit in the model is OK (still weak coupling).

2000 4000 6000 8000 10000
M 7' [GCV]
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Compare to explicit model

Model with a spin-1 singlet MFV Z'.

|
2* 2 %& % . ﬁ
2
M, : e

95% CL limits on MFV Z' from p p - u I’

1.4} ATLAS 13 TeV, 361fb‘l
1ol | Limit from
| on-shell production Such an explanation of the
lop searches | SRS anomalies is
08 A excluded for any mass.
()6} ,,,,,,,,,
4 EFT limit
0.2F For Mz = 4-5 TeV the EFT expansion
00 Limitin the model is OK (still weak coupling).

2000 4000 6000 8000 10000
M 7' [GCV]
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U(2) symmetry

In this case one assumes that light generations do not couple directly to NFP.
Only Cp is relevant

Cbsy"“vts Cb,u —— Cb,u"“ 1.4 x 103

The present and future limits on the bottom For general Aps

operator are instead at the percent level. U(2), case. Cp,=Cy,=0
20 observed: 36.1 fb~! (blue), 20~ expected: 3000 fb~! (red) % Sy ATLAS 61 B /.
T ’ peetee: | Prou i
Cb/[ 1 I 1 | | 1 1
r======== e r====== A

\_--ﬂ---.

\
- s e\m

-003 -0.02 -001 0.00 0.01 0.02
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Conclusions

- LHC measurements of high-pr tails of 2 = 2 processes offer strong

probes of new physics,
complementing (and often surpassing) limits derived from LEP.

- Care must be taken to understand the typical energy scale of the
experiment and making sure that, at the interpretation level,

Vi) exp K ANP

- This allows us to probe mass scales often higher than the reach of
direct searches.

- The limits are already relevant for models addressing B-anomalies.

Thank you!
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