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Lesson from Runl, part of Run 2

/\LHC > O(TeV)

: cut-off scale
extracted from data



Higqs Effective Field Theory

Widely separated two scales, or seemingly un-natural
hierarchy offers a remarkable bonus

E 1 Stole text from the talk by Rattazzi
K2 2
{ - IovC . ,
\ <
Ko A
Nine
/N
Marss GAP
Validates EFT
v
L = L + Higgs
op HEFT pheno. h 99 .
L ‘ﬁo)‘? Nt = Ld<q) + Lesy+—5—Ley+

ALHC ALHC



Skruckural F:»L&Eure

| —

E
i S il

Myt
9+«

Interaction scale

of EFT

Racco, Wulzer, Zwirner 15’
Contino, Falkowski, Goertz, Grojean, Riva 16’



Structural picture of EFT
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Interaction scale

: the only scale accessible to
a low-E observer

Typical interaction in EFT is
controlled bj the effective coupling,

E < Myt — g
M, M,

g(E) =
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Structural picture of EFT

Racco, Wulzer, Zwirner 15’
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Structural picture of EFT

Racco, Wulzer, Zwirner 15’

Contino, Falkowski, Goertz, Grojean, Riva 16’
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UMLEmLEv violakion in EFT

g:s
Ayy X ———=— —const. as s > ©
S J—
cut
2 2
Zg S
Mcut = gz + 0 ( v} )
* Mcut Mcut
g+ : :
SM SM What f our collider was not strong
v enough to produce My ?
M* — Mcut S
9+« ‘AEFTNMZ —> 00 35S S > 00
SM SM *
E-growing vs. Validity of EFT
Early new physics hint in EFT approach relies on the E-growing feature due to decent S/+/B.

However, this benefit should cut off at a certain energyscale, E < M_,,;



Constraining HEFT via VV processes

We will parameterize BSM in the Higgs basis
See “LHC Higgs Cross Section Working Group” note

Daka

I New interactions beyond SM

Lpheno EFT — LSM + AL * shift of the coupling strength awayfrom SM predictions
I . new tensor structures of interaction absent in SM

dim=6
_ _Yi
Lygrr = Lsm + G 7 , , E2
g (E)~0|gsy— €
I Warsaw, SILH bases etc with myy
SU(2) doublet Higgs H

BSM



Constraining HEFT via VV processes
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g\w \Pe,
N e
o T ot = ie[(Wrw, —wow)A, + (1 +6k,)A, ww,|
% &Q ['TGC e uwv ' u wv v Ky uwv Yy VVy
+ igcos0 (1 + 891, ) (WA W, — W W,H)Z, + (1 + 61,)Z,, W, W]
. /1]/ + — . 9 AZ + —
+ le m_ZWHVW/PAPI«l + lg; cos m_ZWWVVVPZPM
w w
2
Treat LEP measurements as inputs Iy _
0K, =6g1’z_g_f6’cy A, =4,

- Three variables for VV
{Az' 591,2' 6Ky}

A difficully of EFT approach:

Many parameters lead to a degeneracy



Decay vs 2-to-2 scattering process 6 e
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Cal see more mii‘:rOSCOPLf‘: V3 /grey

structure of BSM



Decay vs 2-to-2 scattering process O&\,ce 5)(»3

Sc ( 9. )2 m%
~ 2
CSM gSM Mcut cut

Main focus of Run 1 Important item of Run 2
d

Parameters n HEFT - do , do , (d\%) .

are 0,V5 -depemden& V3 dcos6 S de )
Can see more microscopic V3 /grey
structure of BSM

Accessing to the truth-level 3§

is hon-trivial

What we want to know VS. What we currently measure

_ ct
= Myw, My z NOJ( exo myy, mTI/;/Zr Pr etfc



What is measured

Accessing to the truth-level /3 is non-trivial

| SM WW— Iviv, 8TeV | | SM WZ— Wvll, 8TeV
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Pollution from the wrong events

: your hypothesis
max
Myw < My

Th&crj ]
|
do EFT works I EFT beaks down
deW I
I Events beyond
I EFT regime
binl | bin2 | I /
) Mwyw
Datla
do
dm”
¥
I A5 SRS
bint | bin2/| .. ! e e‘i‘agofg\g 2a
I At
my \40:\"'



Removal of the healthy events

: your hypothesis
Myw < My

Th&crj ]
|
do EFT works I EFT beaks down
deW I
I Events beyond
I EFT regime
binl | bin2 I
Datla
do
dm”
binl | bin2




You wrcmaiv leill hea&kj evenks
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> You fail to remove these wrohg events
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What controls EFT validity

Culting on m; is ot justified. What do we do?



In principle, if we can access to my, = /3

(osmtopsy) (Myy < myyp™* Oops (Myy < myp™

In mass situations, we do not have access to m,, =+/3



We only hope to set a conservative bound

(Oops—0sm) — Ao < Oggy < (Opps—0sy) + A0 . . ,
Inspired by Racco, Wulzer, Zwirner 15

For general discussion for Validity of EFT
myy<mpi> n UmVV>m%‘x Biekatter, Kramer, Liu, Riva 15’
BSM BSM Contino, Falkowski, Goertz, Grojean, Riva 16’



setting a comservative bound
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setting a conservative bound

(Oops—0sm) — Ao < Oggy < (Opps—0sy) + A0 . . ,
Inspired by Racco, Wulzer, Zwirner 15

For general discussion for Validity of EFT
myy<mpi> n UmVV>m%‘x Biekatter, Kramer, Liu, Riva 15’
BSM BSM Contino, Falkowski, Goertz, Grojean, Riva 16’

myy<mingx myy>mind*
IfJBS‘IQ’ oS0 && JBS‘I’V‘[’ W > 0| && No excess

< myy<mpy*
(Gobs - O-SM) — Ao < Opsm < (Opps—0sy) + Ao

— Vv Inthe absence of the interference between SM and BSM

v" Inthe presence of the interference

. Incomplete justification

ogsy ¢ (AsyAgsy +h.c.) + [Aggyl?

g \2( E Y
~<95M> (m{,n;‘x> >1 for E > m}§¢*

CABSM
quM

If a theory is strongly coupled, g, > gsu

*  Suppression of interference by hidden selection rules -> This is what's

opsm X (AsyApgsy + h.c.) +Apggyl® ~ [Apsyl® happening in aTGC



No excess scelnario

: your hypothesis
What we propose

Th&orj ] .
I 1. Assume possible
do Valid EFT regime | cut-off scale
dmyw | 2. Remove events
max
: from ag‘g/‘l’>mw in
your simulation
binl bin2 |
! 3. recast data
' Mmyww in entire my; distribution
Daka
4. Repeat 1-3 for
do different choice of cut-
dm” off scales
binl biq
my
m <mmax
(Oops — Osp) — A0 < a7 < (Opps—0suy) + Ao



Comptia&&iau i Resonance scenario

: your hypothesis

EFT behavior

mWW <
Th&orj 1
|
do :
dmyyw EFT assumes | .
nho resonance esonance
binl bin2
Myw
Daka
do .
Data includes
dmy whole events
binl bing/
— Umykvs&tat ~ik my
m <mmax
(Gops = Osm)} = Ao < O-BS‘;\:I/ " < (Oops—0sm) + Ao v"In this case, we might just switch to

will be overestimated resonance search than relying on EFT

* Can be fixed if we recover full V& = my,y,
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aTGC v WiW T, U channels participate in

Anomalous Triple Gauge couplings Unitarity restoration in SM

u W+
u wt
M d
u _
w . wW-

Perfect cancellation of E-growing pleces

S-channel T
sinf g%l s
A ~—— (T — s¢ Q)92 +e2Q,) —5|—5=0
2 w 2 mi,

Imperfect cancellation picks up E-growing behavior

sinf S
Ao ~ 5 [gz(Tu?' - Sgw Qu) 6K, +e?Qy 5KV] 7
my,
+1— cosf

2(T13 2 2 ] Vs
AL/ro ~ oz l92(T3 — s& Qu) (891, + 81, +A,) + €2Qy (8K, + 1) —



aTGC i WL T, U channels participate in

Anomalous Triple Gauge couplings Unitarity restoration in SM

u W+ u W+
u wt
M d U
d Z
d Z d Z
Perfect cancellation of E-growing pleces
ZS-chaMMeL T Y
. g
AR ~sind [c§, + (T8 =53, Q) = (T =s}, Q] —— =0

Imperfect cancellation picks up E-growing behavior

2 S

[c2 6g,,] —— v' Accessing to the polarizations
2V2¢cq, v T mMyymy could give us further
Ca,, gz/1 s discriminating power
242 T Tmd,
Vs

2

9

2 c? —_
4C6W [ CGW 6g1,Z+ AZ] mZ
g° Vs
C

v [c2 (8g1.+ 61, + 1) ]mw

CAO,O ~ Sin@

CAL/R,R/L ~ _Sin9

CAL/R,O ~ (il + COSG)

‘AO,R/L ~ (11 + COSH)



Quodratic vs Linear fib

Linear: dim-6*SM ~ 0(A™%)
o _
/O'SM =1+ Bakg + CapKaky Quadratic : dim-6*dim-6 ~ 0™
Kq = {15,691, 6K,} [ dim-8*SM ~ 0(A™) ]

Inclusive cross sections
Varying one aTGC at a time (no cross-term included)

SMWW, Vs =8TeV

SMWZ, \s=8TeV

110} 1
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1
1
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1.06 1 Solid Lines: Vi< o
= 3 1 . W
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=~ 4 4
N
1.02 : Quadratic terms stay being
dominant for any cut value on Vi-cut

~
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-
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Interference terms appear to be suppressed

Deeper insight comes from Helicity Amplitude

Structural difference bebween WW and WZ



Helicity Amplitude
Deeper insight into the suppressed interference Cheung, Shen 15’
In the massless limit

Py = — Ipla (P, p™ = —|p)p)°

I. Gluing amplitudes to get n-pt amplitude

-'%i + < h(4,) = h(4,) + h(4, 1)
A A,

m

II. 3-pt amplitude

Azatov, Contino, Machado, Riva 16’

Little Group scaling uniquely fixes the 3-point amplitudes

Az (1Mm2h23ms) = g {

g Little group + NDA
3 - |3k = |hl =1 - [g]

M |hsM)|=1-[g]l=1
Oz = tr(W?)  |h(4BSM)| =1 — [c3p] = 3

E.g.

III. Some of SM 4-pt amplitude with |h(45M)| = 2 vanish

(12)ts=hi=hz (13)h2ha~ha (23)M~h2=hs for Th;, < 0O
[12]h1+h2—h3[13]h1+h3—h2 [23]h2+h3—h1 for Th; >0
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Azatov, Contino, Machado, Riva 16’
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Illuskrative exam Pte

Helicity selection rule: total helicity should match

P +
N\ ’ suy
< h(AsM) =0

v/

SM amplitude

BSM amplitude

with insertion of 0gy, ~ tr(W?)
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Azatov, Contino, Machado, Riva 16’

How to interfere? Flip the helicity via VEV insertion (finite mass effect)
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+
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My 2
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Azatov, Contino, Machado, Riva 16’
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EFT nterpretation of LHC data

Available analyses

Channel Distribution # bins Data
WW — £Y¢'~ +F7 (0j) |Leading lepton pr 4  ATLAS 8 TeV, 20.3 fb~!
WW = £+40~ 4 Br (05) | mye0 8 CMS 8 TeV, 19.4 fb~!
WZ — £+ e0* miyZ 6 ATLAS 8 TeV, 20.3 fb~?
WZ — 54~ 0O* £ Br | Z candidate p% 10 CMS 8 TeV, 19.6 fb~?
WV — (55 +Fr V candidate pJ? 12 ATLAS 7 TeV, 4.6 fb~!
WV — (Xjj +Fr V candidate p?/ 10 CMS 7 TeV, 5.0 fb~1
WZ — ¢+4~¢O* L Er | Z candidate p% 7 ATLAS 7 TeV, 4.6 fb~!
WZ — £+ ¢O% + Br | Z candidate p& 8 CMS 7 TeV, 4.9 fb~?

Butter et al. 16’



EFT nterpretation of LHC data

Available analyses

Channel Distribution # bins Data
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Recasting WW-Ivlv
CMS analysis at 8TeV

CMS-SMP-14-016

0.06
0.04}
0.02
0.00
-0.02}
-0.04}
—0.06

CMS WW (8 TeV, 19.4 fb1)

mpyw(TeV) < oo, 1.4, ,

-0.05 0.00 0.05

Jng

, 08,06 1
0.10

>~
x
Be)

v" Weak correlation among aTGC

0.2F

0.1}

0.0f

-0.1¢

-0.2t

CMS Preliminary

19.4 6" (8 TeV)
AR :

9104::“”'“”Lbété”“”'Toﬁ ,_?
& B ww mDY &
s F BWZ/ZZNVV Weets 1
&7 . — ¢, /A°=20TeV? |
9 10°F== —— Cypun/A? = 20 TeV'23
S I — ¢ /A?=55TeV? ]
o f ]
o * _|
10 E — 3
C . — ]
L — J

I ?
10¢ — O
P I PO NP S *+ggj
100 200 300 400 500 600
m, (GeV)
CMS WW (8 TeV, 19.4 fb™!) CMS WW (8 TeV, 19.4 fb~1)

0.06
0.04
0.02}
~' 0.00f
-0.02t
-0.04}

myw(LeV) < oo, 1.4, 1.2, 1.0, 0.8, 0.6 —0.06 myw(TeV) <oo, 1.4, 1.2, 1.0,0.8, 0.6 1

-0.05 0.00 0.05 0.10 -0.2 -0.1 0.0 0.1 0.2

ng,z JA’},

v’ myy < s roughly similar to my,;, < O(TeV). Weakening is pronounced for my, < O(sub-TeV)



Recasting WW-Ivlv

CMS analysis at 8TeV
CMS-SMP-14-016
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Recasting WZ-Ivll
ATLAS analysis at 8TeV

ATLAS arXiv:1603.02151

ATLAS WZ (8 TeV, 203 b~ 1)
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v" Strong correlation among aTGC

v’ myy < s roughly similar to my,;, < O(TeV). Weakening is pronounced for my, < O(sub-TeV)



CMS WW (8 TeV, 19.4 fb~1)
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v 8k, is strongly constrained by WW, not by WZ



'First' recasting of 13TeV data on aTGC
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v" No dramaticimprovement. More or less similar to 8 TeV case.
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Combine all (8TeV CMS + ATLAS and 13TeV ATLAS)

ATLAS+CMS combination
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0.02¢
~' 0.00t
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Profiled 95% CL bounds on the each aTGC
from our combined fit with diff. mVV cut
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0Ky
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0.0f

ATLAS+CMS combination

0.04
0.02¢
~' 0.00f
-0.02}
myy(TeV) <o, 14,12, 10,08,06 ] —0.04f myy(TeV) <o, 14, » 08,06 1
—004 002 000 002 004 -0.2 -0.1 0.0 0.1 0.2
g1,z oKy
miir [GeV] 00 1400 1200
591, (%) | [—1.2, 2.0] | [-1.2, 2.2] | [-1.3, 2.4]
Sty (%) | [~7.8, 9.9] | [~8.3, 10] | [~8.4, 11]
A (%) | [-1.3, 1.3] | [-1.5, 1.7] | [-1.8, 1.8]
m$ [GeV] 1000 800 600
591 (%) | [-1.4, 2.5] | [-1.7, 3.2] | [-2.1, 5.4]
Sry (%) | [-9.0, 11] | [~10, 15] | [~15, 21]
A (%) | [=2.1, 21] | [-2.9, 3.0] | [-4.2, 4.8]




Combine all (8TeV CMS + ATLAS and 13TeV ATLAS)

~

ATLAS+CMS combination ATLAS+CMS combination ATLAS+CMS combination
' ; - ' ' 02F - ' ; ' : ; '
0.04+ 0.04}
0.02+ 0.1y 0.02}
5 0.00} g 0.0} ~ 000}
-0.02} —oil ~0.02}
—0.04} myy(TeV) <o, | 08,06 ] N 08,06 1 —0.04] myy(TeV) <o, 1.4, 12, 1.0, 08, 06 1
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Jg],z Jg],z LL Jky
s a R SUR \2 uve
kot €8 ¥ Lieret
repoTE
miir [GeV] 00 1400 1200
691 (%) | [-1.2, 2.0] ||[-1.2, 2.2] | [-1.3, 2.4]
Profiled 95% CL bounds on the each aTGC w [—7.8, 9.9] ||[-8.3, 10] | [-8.4, 11]
from our combined fit with diff. mVV cut 0) [—1.3, 1.3] ||[-1.5, 1.7] | [-1.8, 1.8]
m$ [GeV] TO00 800 600
6g1.. (%) | [-1.4, 25] | [-1.7, 3.2] | [-2.1, 5.4]
Sk (%) [—9.0, 11] | [—10, 15] ||[—15, 21]
Can be widel.j ALMM [—2.9, 3.0] ‘![—4-2, 4.8]
L |




EFT vs UV model
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. . for similar discussion
SU(2), triplet + singlet
L g L g
— ya royap ! au of_ "~ u Jd u
Lint_Vu<EgKH]H +§Kf]]f )"'Vu< ngH]H+2Kf]]f)
Integrate out Triplet and Singlet and match to
EFT coefficients
2 02 12 2 2
_ _ Kipmiy 3K ymiyy ., My ., My
CWB_O CT—Trn—5 CH:Tm_IZ/. C6=—4/1K312_1—‘2/ Clp:KIZ.Im—]Z/
2 12
g tg
691,z =ﬁ(c7" — 6v)
9° 9 1 1 m3
6v =5 ([c" mli1 + [c"mil22) — 7 leulizar = _K’H’C’l_vzv
2 4 mi;
! ! ! ! m]%V
Leplaa = lepilze = =1y mé Assumed LE?
2 bound is perfect
[cy] =—2 2w A = 0 2 2.2
Crili221 Ki 2 + gt tgTmy
4 591,2 = —Kpg 2 a2 m2
om = _r (g2cr—g'%6v) = 0 > «K'yK's= 9 J Y
= ; T = HKf = —-—3KHh
g2-g'° I 2g7 Sk, =2,=0
Both triplet and singlet are
required fo have dm = 0




EFT vs U\; madei. (sEroung VS meawl.j)

SU(2), triplet + singlet

i g
ﬁintZVua(EgKH] + = Kf]] ) u( ZgKH]H+ Kf]]f)
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, 9’ +g ‘mi, K
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K
891, = —0.009 o o=

Fine—tuned SU(2), x U(1)y model: ud - ZL WL
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EFT works belter for
a strong caupti&xg

Similar exercise for Wh appeared in
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Illustration of EFT vs Direct
SU(2), triplet + singlet
oL g
Line =V, (EQKH] + = Kf]] ) u( ZQKH]H'I' Kf]]f>

o) = Kzg +g mWO(—KIZ-I K
Iz = TEHT T 2 T T m2 s EFT comsbrains B/,

WZ-IVII @STév

5| [ L A
NLLL become more T T

conservative with cuks |

KH

Similar exercise for Wh appeared in
Contino, Falkowski, Goertz, Grojean, Riva 16’
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