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The Higgs looks like the SM Higgs

® Higgs properties consistent with SM | amasanaems irgn sm sy

LHC Run 1 Total  Stat. Syst.
ATLAS H—yy 126.02 = 0.51 ( = 0.43 = 0.27) GeV

CMS H—yy 124.70 = 0.34 (= 0.31 = 0.15) GeV

ATLAS H—2ZZ—41 124.51+ 0.52 ( = 0.52 = 0.04) GeV
mpyg = 12509 :|: 0-21stat j: O°1lsyst Gev CMS H—ZZ —4] 125.59 = 0.45 ( = 0.42 = 0.17) GeV
ATLAS+CMS yy 125.07 = 0.29 ( = 0.25 = 0.14) GeV

ATLAS+CMS, PRL 114 (201 5) ATLAS+CMS 41 125.15 + 0.40 ( = 0.37 £ 0.15) GeV

ATLAS+CMS yy+4l 125.09 = 0.24 ( = 0.21 + 0.11) GeV

1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1
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Standard problems

® The Higgs is probably not the end of particle physics. The SM is not perfect.

® Neutrino masses

Predominance of matter in the universe (not enough CP violation)

What is dark matter made of?

Fine tuning problems (e.g. hierarchy problem)

Hierarchy of masses

Unification of forces?

etc
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Effective operators

® The LHC didn’t find any BSM particle. New states probably live at a much
higher scale

mx ~ Npsy > mwy

® Interactions mediated by the particle(s) X generate contact interactions at the
EW scale

Since we don’t see X it may be better to work with the effective operators
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Strategies

Two different strategies to look for BSM physics

write a theory

-
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Strategies

Two different strategies to look for BSM physics

look for any effect  try to infer the UV theory

a Apsm > vEw

—~—

/‘\
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Lagrangians and bases
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Dimension 6 Lagrangian

® Parametrization of BSM physics assuming SM symmetry SU(3)xSU(2)xU(1)

® Symmetry linearly realized

2

ing: £6) ~
® Power counting: £ A2

® Leading effects from interference with SM

Particle Physics at the Dawn of LHC |3

Many assumptions
to get only 59 ops.
- B conserv.

- L conserv.

- MFV

Buchmiuller&Wyler '86
Grzadkowski et al ‘10

U2
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Warsaw basis

Many different operator bases allowed and in use.

Here we use the “Warsaw basis”
B. Grzadkowski, M. Iskrzynski, M. Misiak, J. Rosiek, JHEP ‘10
Motivated mainly by (some idea of) simplicity (less derivatives)

First complete basis of all 59 operators that was not redundant

Corrects redundancies found in the pioneering work of Buchmiiller&Wwyler *86

:906 ZQO4D2

? X 71 %% D

__ __ A I
w_cbuadvlae) X _GMV7WMV7B,LLI/
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http://arxiv.org/find/hep-ph/1/au:+Grzadkowski_B/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Grzadkowski_B/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Iskrzynski_M/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Iskrzynski_M/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Misiak_M/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Misiak_M/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Rosiek_J/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Rosiek_J/0/1/0/all/0/1

Warsaw basis

X3
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fABCG;}UGngEu

vixsd K
el TRW v g ew

Y37 J K
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X2(,02
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Warsaw basis

X3

fABC'GIf}qupGg'u

fABCGZlquPGE#

vixsd K
el TRW v g ew

YT7 J K
6l.]l{ ‘/V]”VV,/ pWP H

|X22|

ol C’A GArv (l—po“”e,.)TIcp‘Vlfu

ol éf}uGAW * (lpo* er)p By
Pl WL win (G Thu,)p G,
Pl Wl Wi v| (g u, )T g W],
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Warsaw basis

8 (LL)(LL)
(ipW'ﬂlr)(l_s’T”lt)

(@ Yuar)(@sy"qr)

(e ar) (G qr)
(l_p’Yul'r')((js’Yuqt) : z o) (Usy” ’ —p'Y#Qr)(és’T“et)
Ly (@ ) || Qe s Vper ) (ds (GG ) (s )
(@ 1u T qr) (AT uy)
(GpYpar) (dsyHdy)
(Gp T qr) (dsy*TAdy)

(LR)(RL) and (LR)(LR) B-violating
(ther) (dsq)) e | (dg)TOul| |y T Cl]
(@ur)eji(@sdy) e | (a5)TCal¥| [(wd)TCel
(@ w1 TAdy) D nemn | (g57)7 Cat*| (™)l
Berein@u) | Qan| e (1) ju(re)mn |(a57)TCa™| [(@F™)TCl]
(GEoh uy) =201 [(dg) T Cuil | [(wd)T Cel]

(l_glo'uuer)eyk

Particle Physics at the Dawn of LHC |3 Diogo Boito



Warsaw basis

8

(lp’htl )( W”It)l
(@pYur) (G457 qt)
(e ar) (G qr)
(LpYulr ) (@57 )

Ly (@ ) || Qe 2 Vper ) (dsy” TG ) (s yH )
(@ 7aT " qr) (usy" T uy)
(GpYur) (dsy*dy)
(G T qr) (dsy" T dy)

(LR)(RL) and (LR)(LR) B-violating
(ther) (dsq)) e | (dg)TOul| |y T Cl]
(@ur)eji(@sdy) e | (a5)TCal¥| [(wd)TCel
(@ w1 TAdy) D nemn | (g57)7 Cat*| (™)l
Berein@u) | Qan| e (1) ju(re)mn |(a57)TCa™| [(@F™)TCl]
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(l_glo'uuer)eyk
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Effects are correlated

Correlations: not everything is allowed (symmetries).

® Example: an operator from the class |6

-

(1) _ (et 7 I 11
O ¢ = ("D, P)({~"1)
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Effects are correlated

Correlations: not everything is allowed (symmetries).

® Example: an operator from the class |6

I
D, =0, + z’g%wj +ig'Y B,,,

-

(1) — (7 I 11
Ogp ¢ = ('1D, @) (1)
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Effects are correlated

Operators Couplings
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Effects are correlated

Operators Couplings
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Effects are correlated

Operators Couplings

aq
> U9
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Recent developments

® Relations between bases, possible hierarchy of operators etc

R. Alonso, E. Jenkins, A. Falkowski, A. Manohar, E. Masso, A. Pomarol, F. Riva,
V. Sanz, M. Trott....

® Automatic translation between bases:
Falkowski, Fuks, Mawatari, Mimasu, Riva, Sanz [1508.05895]

® Bases where the observables play a key role
“Coupling basis” E. Masso, 1406.6376, (see also A. Falkowki, 1505.00046)

@hoose a set of
couplings that
can be measured:

Define as operators Additional effects are
In the basis those parametrized in terms
related to the of the observable

AR Ff> Ohggy Ghyys - couplings couplings

couplings operators Warsaw basis
a1
* O; = E di;jO;
J

AMWW)pe = HOhyy T ARz + F
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Operators and couplings
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Operators and couplings

® We employ the Warsaw basis (with MFV). Relevant operators: . =

d* D2 X2 2 W2 ®2 D

Opp = (70)0(21) Osw = (@I )WL W Of) = (21D, d)(Ty"0)
Ogpp = (®TD*®)*(®'D,®) Opp = (210)B,,, B* Og) = (<I>Ti§i<1>>(l7’y”fff)
Oswp = (DTr1®)W)! B Op. = (B1iD,D)(ev"e)
O = (RTR)YW,, W
Opp = (1®)BB"  «— Gpodd

Opiig = (PITO)W] BH

® Additionally, a four-fermion operator contributes to the redefinition of G«

® Redefinitions
mz = Mmzeq (1 + (SZ) ) Gp = Gpo (1 + (5(.}'1:) ) Qem — Qemo (1 + 5:"1) ;

i N L - ~ ~(3) - ~
0z = Qizz + 10D, 0Gr = —QqL + 204 , 04 = 20044

2 2 2 2
Qzz = CyyQdw + SyyQdB + SW CW XdWB A = SpyQoWw + ClyQodB — SW CWOWB
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Operators and couplings

® We employ the Warsaw basis (with MFV). Relevant operators: .

d* D2 X2 2 W2 ®2 D

Osn = (P10)(D1 ) Oaw = (BT)WLWH  OF) = (91D, @)(Ir"0)
Osp = (®TDH®)*(®TD,®) Ogp = (®T1®)B,,, B 2

O = (cb@)fV,j,,WfW -
Opp = (T®)B,, B"  « cPodd

Opiirg = (cpTchb)W;,,BW <«

® Additionally, a four-fermion operator contributes to the redefinition of G«

® Redefinitions

mz = Mmzeq (1 + ()Z) ) "= G ) Qem — Qemo (1 + ()A) )

~

~ o~ 1 —~ . o ~ ~(3 E N piigy
0z = izz + Ea'«bu, 0Gp = —Q4L + 20-‘51,5) 04 = 20044

2 2 — <2 2 R
zz = CyyQow + SjyQeB + SW CWOdWRB A = Syhow + ClydB — SW CWOOWEB
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Operators and couplings

® We employ the Warsaw basis (with MFV). Relevant operators: .

®* D?

Ogp = (‘I’T‘I’)D(‘I’T@)

apB = (<I>T<I>)BWBW
OCDWB = ((I)TTI(I))WI B'LW

O = (‘I) ‘I’)BWB“” <«— CPodd

OWB = (DT D)W/, B €—

® Additionally, a four-fermion operator contributes to the redefinition of G«

® Redefinitions

my =mzge(1+0dz).

A- -~ ;
p— Q4L + zafbf)-.

2 2 — <2 2 p—
azz = CiyOdWw + SjyQdB + SW CW XdWR A = Syhow + ClydB — SW CWOOWEB
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Effective Lagrangian

® New interactions and modifications to SM vertices

o~

Log D cyy HZWZM + Y H Z,, 2" + ¢, 5H Z,, 2" + cagH 2 A + ¢ 5HZ,,, A

+ HZ;LE'}"“ (('\ + CA’}"S) {+ Zyzﬁf'# (QV - 944’}"5)5 - gchﬁAuZ'}"#&

ot D? X2 @2 2 &2 D

O = (913)0(d1 ) Opw = (@TO)YWL Wi 08 = (@D, @)@y 0)
Ogp = (21DHD)* (21D, ®)  Ogp = (®1®)B,, B 0F) = (@@@)@W)
Oswp = (DT ®)YW/! B* O, = (®1iD,P)(ev"e)
Oy = (BT RYW T Winv
Oyz = (®10)B,, B

Opiip = (®ITTO)YW! B
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Effective Lagrangian

® New interactions and modifications to SM vertices

o~

Arv

‘1 1/ /1 174 ’_L v/ ’_L I/

Lot D Cyy HZ,ZM + oy H Z,, 2 + ¢, 5H Z, 2" + cazH Z,, A™ + ¢ sHZ

Osw = (@1 0) WL, W F0Y) = (21D, ®)([Tye) i
Osp = (@19)B,, B  E0F) = (@D ®)((yrr10)::
Opws = (BT 1B)WI, B D $
O = (BTOYW] Wi

Oyz = (®10)B,, B

Opiip = (®ITTO)YW! B

Ogp = (®TDF®)* (1D, ®)
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Effective Lagrangian

® New interactions and modifications to SM vertices

o~

e
1% Aﬂ

1% JLv 1% [T

oy HZ, 2" + ¢y H Z,, 2" + ¢ 5 H 2, 2P i cagH 2, A™ + ¢,z HZ

= (®To)W, [, Wim it

Osp = (®T0)B,, B i

Ouw = (@, B
O = (@O
i;ocb’é — ((I)T(I))EWBW :
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Constraints on the most relevant couplings

-~ — . """. L "1 —
daz €[-1.3,2.6] x 1072 Qg € [-5,5 x 107?
Pomarol and Riva ‘14

estimated indirectly using data for

AS, AT, mw, gV,A
Beneke, DB, Wang ‘14

® Contact HZ/¢ in the “Warsaw” basis
Grzadkowski et al ‘10

_ VA . N . N
HZ, " (cy +cays) ! —> via= V2Grmy X g ag'y = Oge T (agg) + ag)}))

® In other bases two 4-fermion ops. traded for two operators of the type ®2D?* X

o
P —> Cy =cC4

Elias-Miro, Espinosa, Massé, Pomarol ‘13

only right-handed couplings are non-vanishing: ¢y, = 0

® Order of magnitude agreement with the constraints on Cr from Pomarol and Riva 14

see also Alonso, Jenkins, Manohar and Trott ‘13
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Form factors and angular structures
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Processes

® Two crossing symmetric processes

+ )— - 1
H — Zﬁ € — 4£ dq?d cos 0yd cos Oydd  — m_N(qz) .,7((]2,91,92,(25)-

ete” > HZ — HW 1

d cos )y dcos Oydo - m?,

Na(qz) j(qQ’ 017 923 QS),
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Approximations

Higgs on shell.

Narrow-width approximation for the Z propagator (on-shell 2).

SM tree level + d = 6 terms at tree level.

We only keep terms up to O(1/A?)

ngO
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Angular structures

® Form factors _

| q"'p "7l o
—u |y (Hi,v + Hi a7s) + 2 (Ho,v + H2,475) + " Yo (Hs v + H3.475) |V
A A oA A " A A

SM+d=6 d=6only d = 6 only, CP odd

® Angular structure at order 1/A?

T (g%, 01,05, o) = Ji(1+ cos? 01 cos? O+ cos® 0y + cos® 0s)
+ Jo sin? 0y sin’ 05 + J5 cos 01 cos O
+ (J4sin @y sin 02 + J5 sin 2601 sin 265) sin ¢
+ (Jg sin 0 sin Oy + J7 sin 264 sin 265) cos ¢

+ Jg sin? 6y sin® @ sin 20 + Jg sin’ 0, sin® 0y cos 2¢.

® Decay width and cross-section only probe a specific combination

dl’
d—q20C4J1_|_J2 O'(q2)OC4J1—|—J2
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Angular asymmetries

® Angular asymmetries that probe other angular functions

/de . ( .) sz B Om ']"‘1
dl’/dq? |, ¢ SeHsIn e dg?de 32 4J, + J5'

(12 [ 2 J 8

1 27
do sgn(sin(2¢ = — :
dl’ /dq? /0 @ sgn(sin(2¢)) dg?d¢p w 4J1+ Jo

1 /% 46 sgn(cos &) T 97 J
; D SE11\ COS — )
ar/dg® J, 7% d?dd ~ 32 401+ Jo’

1 ! ! d3T
= dcosfys 5 0 dcos By s 5 0
T/ /_1 cos 01 sgn(cos ) /_1 cos 0o sgn(cos 2)dq2dcos 6 dcosts

9 J3
16 4J1 + Jo

see also Buchalla, Cata, D’Ambrosio ‘13

® Enhancement of anomalous couplings in asymmetries is possible due to:

® Di-lepton invariant mass
e Smallness of the vector coupling of Z to fermions in SM

gy < (1 — 43124/)
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How well can an asymmetry be measured at LHC?

2000 2500

500 1000 1500
I\Ibin
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How well can an asymmetry be measured at LHC?

B_§ s f Small asymmetries
| | iInned asym. | :
Il—> ________ T R N I | have relatlvel_y |

; ; - : large uncertainties

Biﬁned ASYHM:- -
, LHC2021 .
N\, Y/ .

1500 2000
I\Ibin
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B — K()¢¢: example

+ T .
o BT - K [T o g, "eSUts and figure from LHCb [1209.4284]

m | L L L
& (GeV2/ch) Nyig A << 0.2 - L
0.05—2.00 | 159414  0.00 F906 +0.03 :
200 -4.30 | 16414 0.07 7505 1003
430 —8.68 | 32720 —0.02 F503 +0.03
10.09 —12.86 | 211 £17  —0.03 *567 *00]
14.18 — 16.00 | 148 £ 13 —0.01 *0:2 +0.00
16.00 — 18.00 | 141£13  —0.09 *0.05 *502

18.00 —22.00 | 1144+13  0.02 *91] T001
1.00 —6.00 | 357421  0.02 7595 +o02

B — K*/V/

Good agreement with our
estimate of the uncertainties LHCb

preliminary

Il SM from ABSZ

PR T TR SR TR I T RN SR T NN TR S
5 10 15
LHCb-CONF-2015-002 g2 [GeV*c4]
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Main results
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Contact HZII couplings

Particle Physics at the Dawn of LHC |3 Diogo Boito



Main results: contact HZIl couplings

'H — Z0T0T — Al '

® \Vector contact coupling HZ¢/¢

[
W

[E—
=)

>

(D)
@)

A

-
o

w2
o
~
—
o

0.5

00! 0.000
000 002 004 006 008 000 002 004 006
s=q’/m?3 s=q°/mj

see also Buchalla, Cata, D’Ambrosio ‘13
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Main results: contact HZIl couplings

'H — Z0T0T — Al '

® \Vector contact coupling HZ¢/¢

[
W

[E—
=

>
O
O
5
3
~ 0.5
o

00! 0.000
0.00 002 004 006 008
s=q°/mj

see also Buchalla, Cata, D’Ambrosio ‘13

® No enhancement of the axial couplings
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Main results: contact HZIl couplings

eTe” - HZ — HW

® Contact couplings HZ//¢

® Enhanced contribution of axial couplings to the cross-section
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HAZ coupling
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Main results: HAZ coupling

'H — Z0T0T — Al '

® Contact couplings HAZ

0.10]

003!

[
W

005f I 002}
| 001}

[
=

0.00} |
| 0.00¢

>
O
O
S
= 0.5
o

_0.05:_'. —0.0l:'

—0.025‘

0000 002 004 006 00-010F . _003
' ' ' ' Y000 002 004 006 Q08 000 002 004 006 00

2 2
o 2 2 \
s=q°/mg s=q°/mpg \ s=q’/mj
\

P ~

’ N
N 97?'\/5 .(_7‘2/ \/E 1 _,,gem QZ aA

T2 FZ1+16s\ \8gys
Qaz € [—1.3,2.6] x 1072

'
-
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Higher order effects: v* /A%

\H — ZeYe™ — 44 '

® Contact couplings HAZ

(S S
- )

dl'/ds [10°°GeV]
=
N

0 -
000 002 004 006 008 0.0

5 5 0.00 0.02 0.04 006 0.08

s=q°~/mp

s=q’/m g

r6) « r) r©6) s r@) 4 p6)  r(6)

® Effects of the order of d = 8 operators " >
a7 € [—1.3,2.6] x 10
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CP odd couplings
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Main results: CP odd couplings

'H — Z0T0T — Al '

0.004;

0.002}

0.000}

~0.002}

—0.004}

—0.006}

000 002 004 006 008

24, 2
s=q°/mp s=q°/mpy

e Dominated by o, 7 ® Interplay between « , ~and « >

(sz,aAZ) — (4, —4) x 1072

R B AP o VTSI Gy Qe
(a,z,a,7) = (4,4)x10 b 7T(]. 4+ ].68) YA 4-@,24 AZ
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Conclusions
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Conclusions

Interesting asymmetries are small in absolute terms (<10%)

Some angular asymmetries are much more sensitive to anomalous
couplings than the decay width or the cross section.

Relatively large effects from HAZ are still allowed.

Effects of HZII couplings are small (couplings are quite constrained
by measurements of other processes).

e+e- is in general better suited for the study of HZIl anomalous couplings.
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