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Background

Portraying a BSM Higgs sector

& Modified Higgs couplings !‘ & New fields .l
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Background

Portraying a BSM Higgs sector

& Modified Higgs couplings !‘ & New fields .l

’ & UV—complete model: ‘ ‘ Luv = Lsm(g, ¢) + Lesm(g”™, ¥) + Lo_sm(A, ¢, T) ‘

@ Complete mass & coupling dependences

@ Parameter correlations & sum rules
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Background

Portraying a BSM Higgs sector

& Modified Higgs couplings !‘ & New fields .l

’ & UV—complete model: ‘ ‘ Luv = Lsm(g, ¢) + Lesm(g”™, ¥) + Lo_sm(A, ¢, T) ‘

@ Complete mass & coupling dependences

@ Parameter correlations & sum rules

ll (0t oo U I Gl L et Lt |

oo C(d)
‘ & Effective Field Theory: ‘ Lg=Lsm+ D> > 0l

d—4
d=5 ag A
+ T

@ Model-independence

@ Universal computational effort

- EEEEEE
o Linkable to couplings & scales

@ Quantum effects may be included Freitas & al. [in progress]
o Coupling fits may be extended off-shell Corbett & al. [1505.05516]
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Background

EFT challenges - the role of scales

‘ BSM Higgs program at the LHC challenges the EFT approach

& EFT accurate if Epp,, < A
& EFT relevant if Ay (A) ~ O(10)% LHC accuracy

‘A<\/10gmH ~ 280 GeV‘ Lif g2 < 1/2

2
xBR _ g*m¥;
|(o§BR)SM - 1‘ = 2 0.1

‘AS\/IOgmHESTeV‘ Jif g Sdarn

+ USRS

& Hadron collisions involve a broad V'S range

& Searches rely on additional scales E > my:

e Acceptance & selection, e boosted kinematics
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Background

EFT challenges - new physics issues

BSM Higgs program at the LHC Challenges the EFT approach

2,2 202
g v g-o
Az | O T3

L) _ ’ & Inaccurate truncation ‘ ’ & Competing orders ‘
®» _ ’ & Mass splittings ‘ ’ & Ambiguous matching scale ‘
-

® _ ’ & Incomplete kinematics ‘ ’ & Distorted shapes ‘
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Target

—complete models

“Given the future experimental resolution, full calculations in a UV complete model do not
offer considerable advantage in accuracy over the effective theory”
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Target

Higgs EFTs versus UV—complete models

’ UV-complete model ‘ ’ QFT framework ‘ ’ Effective Field Theory

“Given the future experimental resolution, full calculations in a UV complete model do not
offer considerable advantage in accuracy over the effective theory”

T

@ Is there a scale hierarchy A > v for typical models testable at the LHC ?

@ How accurately does the linear, d6 EFT reproduce full model predictions for trademark
extended Higgs sectors?

@ Where and why may discrepancies arise? May the EFT description fail elsewhere than
expected 7

@ May full model versus EFT departures be quantitatively relevant for BSM Higgs analyses?
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Target

EFT versus full model departures

| [T O |
& On-shell
@ S-—channel resonances
@ Loop thresholds
& Off-shell
@ Unitarity breakdown
@ Distorted tails
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Target

EFT versus full model departures

& On-shell |ExeANDING.

@ S—channel resonances

@ Loop thresholds .
& Competing orders

& Off—shell
@ Unitarity breakdown

& Accidental cancellations
& Iodelz VS Oda % Ods

@ Distorted tails & Correlations
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Target

EFT versus full model departures

& On-shel B
@ S—channel resonances _

@ Loop thresholds

T omeenng orer ambiguous choices.
& Off—shell

& Accidental cancellations
& Iodelz VS Oda % Ods

& Correlations

& Matching scale
& Default VS v-improved

& Renormalization scheme

@ Unitarity breakdown
@ Distorted tails
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Setup

Model setup

V($,8) =3 (67 ¢) + A1 [T6]% + 13 S% + X2 S* + A5 [oT ¢]S?
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Setup

Model setup

V(¢,8) =p3 (¢7 @) + M [6T]* + 13 S% + X2 S* + Az |9 ¢]S?,

» [Tovo-Higes Doublee moder)| [N - S

Vg1, p2) = m3y dlo1 +miy dhoa + A (8]01)2 + 32 (dhd2)? + As (6]61) (662) +
A 16] gal? + [-m3y 6192 + 3 (6[62)? + hc]
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Setup

Model setup

V(¢,8) =p3 (¢7 @) + M [6T]* + 13 S% + X2 S* + Az |9 ¢]S?,

» [Tovo-Higes Doublee moder)| [N - S

Vg1, p2) = m3y dlo1 +miy dhoa + A (8]01)2 + 32 (dhd2)? + As (6]61) (662) +
A 16] gal? + [-m3y 6192 + 3 (6[62)? + hc]

* [Vecrorvivier| - R ISR < <

1 M2

r _Zya yura v
> 3 Vi + =
w

2g9v

VEVES L i ey VO [¢Taa<ﬁ“¢] +

Vi g crFLyt o Fr 4+ gy cvvun Vi VF ¢l ¢
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Setup

Model setup

V(¢,8) =p3 (¢7 @) + M [6T]* + 13 S% + X2 S* + Az |9 ¢]S?,

» [Tovo-Higes Doublee moder)| [N - S

Vg1, p2) = m3y dlo1 +miy dhoa + A (8]01)2 + 32 (dhd2)? + As (6]61) (662) +
A 16] gal? + [-m3y 6192 + 3 (6[62)? + hc]

- | Vector tripet | [Weak boson mixing | [ Heavy resonances: <"~
1 M2
LD —-Ve yrra 4 v

4 2

p)
;TMV: SecrFLy* o FL + g% cvvan Vi vee )
v

LD (D Q)N (D*Q) + (D ir)* (D*Tr) — QT M?*Q — M?Tqir — k1L (6- Q) (¢
Q) — krr (TRir) (#1 ¢) = [kLr MR (6 Q) +hc]

VEVES L i ey VO [¢Taa<ﬁ“¢] +
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Setup

& SM fields & SU(3)c x SU(2)r x U(1)y invariance

& Linearly realized EWSB

& SILH basis @ dimension—six  Giudice, Grojean, Pomarol, Ratazzi ['07]

& HEFT MadGraph model Alloul, Sanz, Fuks ['13]  (with in—house modifications)

pez-Val - CP3 Université catholique de Louvain Higgs Effective Theory to its limits



Setup

& SM fields & SU(3)c x SU(2)r x U(1)y invariance

& Linearly realized EWSB

& SILH basis @ dimension—six  Giudice, Grojean, Pomarol, Ratazzi ['07]

& HEFT MadGraph model Alloul, Sanz, Fuks ['13]  (with in—house modifications)

B A
Lerr =Lom + o5 061 ) 0,(8 9) + -5 (61 B 9) (6" B 9) - “5 07 9)°
;gégv (0" " T¥6) D" WH i + 2 iv'en = (0! B 9)0" B,

My
+ BEW (i gty ok (DY gy W, + “’mﬂw%*)w ) By
w

g'%ey t wy g?ég + A v A
+ =5 (9" ) Buw B"" + =25 (¢' ¢)G,,, G
mW mW

(S @ o0 By un+ S 67 )6 Qn) dr + e (6T DO Ta) tr+he |
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Setup

Tree-level matching

’ UV complete model: ‘

/ d*z Lyv[p, ] = / d*z {LSM[¢] + (UTF[¢] + hc.) + U1 (P2 — M? — U[g])¥ + O(F?) }

Effective action:

e Seff[®] :/[Dlll]elsw’q’] _ /[Dr]]e
; 528s

~ iS¢, ¥c] det —
© {e ( RE

=o| = LI = S, I MR (P — )M RS + O(e2) |

2
(5[¢,wc]+% 55 n2+o(n3))

.

1
-3 2
2 : " 1 84S
rs[o,ﬁ’c]féTr|n<fj )
~e SV ly=w./
U=,
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Setup

Tree-level matching

& Full model Lagrangian:

e

2g9v

M2
Log D TVV“’“ Vit v [gv em B+

cr Yp It +ewy %J}YVG} +0(v?)

& Classical field equations:

Y Ha

~ g
=3 [vaglJ +gVCHJ”a+
b v

2
2gy CF ZF JE ] +0(p3, /my) + O(V?)

& Effective Lagrangian

(9% cn +92éwv)?

92 (cr +éwv) (9vcu + 92éwv)

Legg D — JII»;»‘I J:Ia —

2 rr2 2 ar2
2 gy, My, 29y My
& Light field currents i .
. & Wilson coefficients
i —
s = ol 0" T, 0] 30 [, 9% g 2 9
I 2 CH = T2 cHgT_QCFCWV g—Q—QCFCH _CWVgT
JE'.sz’YMUQFL v v v
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Setup

One-loop matching

exp 1S.[¢] = exp {iS[¢, .| — }Tr In

525
2 w2

U=, }

’ Effective Lagrangian ‘

4
-l . d*q
LEETP =dc, [ on )4Tr log [—(P, — qu)? 4+ M? 4+ U(x)]
’ Covariant Derivative Expansion ‘ [Henning, Lu, Murayama '14] [Drozd, Ellis, Quevillon,
You '15]
c 1 ’ 1 ’
fileor 5 1l _ _pa!,, 6 via,, ¢+ — v, [v.am
off (@mzmz ') 12 T + 24M2 * 202 el | ]
’
- ——— [(P.U),(P,U)] G" — ——(P,U)?
ooz (FuU)( ) Tons Ee )
—U? U UP,U
20M6 (P U)* 30M6( ) }
= Notes of caution ! :  [arXiv:1602.00126]
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Setup

One-loop matching

& Full model Lagrangian:

L2 (D, QT (D*Q) + (Dutr)" (D" r) — Q" MZ Q — Mp i, i

Lmass

—krn (@-0) (@ Q) — krr (Fhir) (@1 @) — [mmt‘;_ @-3) + h.c.]

£Yukawa L mixing

& U(xz) matrix
— . -
Ulz) = ( kpL ® T+ M3 p kLR ® )

HLR‘iT KRR (‘PTQJ) +M}22

& Effective Lagrangian

9w 37 .
LD 00 [ } (61 0" Bro) (0¥ Wi )+

4 (4m)2 M2 T 10 M2
e, - e K 1 B (61 B 0)
8 (4m)2 M2 | L 2 M2 10 M4 "
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Setup

Truncation prescriptions: default VS v-improved

‘ A choice and/or truncation not always univoque ‘ = ’ Matching might be ambiguous ‘
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Setup

Truncation prescriptions: default VS v-improved

‘ A choice and/or truncation not always univoque ‘ = ’ Matching might be ambiguous ‘

& Matching scale A = My,.,,, & O(A™?) truncation
= _ Sizable couplings to Higgs sector
4] ’ Mohys ~ Mpeavy £ gv ‘ = spoilt scale separation & sizable mass splittings

@ Large d > 6 contributions | 0% « O% (ot ®)4—6
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Setup

Truncation prescriptions: default VS v-improved

‘ A choice and/or truncation not always univoque ‘ = ’ Matching might be ambiguous ‘

& Matching scale A = My,.,,, & O(A™?) truncation

= _ Sizable couplings to Higgs sector

o ’ Mohys ~ Mpeavy £ gv ‘ = spoilt scale separation & sizable mass splittings

@ Large d > 6 contributions

+ EERCVEOATCRNG]

@ Matching scale A = M,

0 x 0% (pTP)d=6 ‘

d—6
v ! d=6
absorb O <7> terms into L2° |
A o

hys

@ Wilson coefficients written in terms of mass-eigenstate/broken phase quantities

i A2 2 2(1 — cos a) v2
single:
O57eet | 2 [0, (2T @) (@ @) | VS | =————[0, (2T @) 8*u(@' )]
2X0 A miy
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Setup

Simulation setup

annels

Joi |pp—)h—>4l| |pp—)h—>’y'y|

& WBF: | |ud—> hud = WHW™ ud = (£%v) (€7 7) ud |

‘B (o]« (7]
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Setup

Simulation setup

annels

Joi |pp—>h—>4l| |pp—)h—)'y7|

& WBF: | |ud—> hud = WHW™ ud = (£%v) (€7 7) ud |

‘B (o]« (7]

~ 100000 pp events @13 TeV per benchmark point
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Analysis

Cataloguing departures

& | CATEGORY I:

& S—channel resonance

Loop threshold
& On-shell peak /S = M?> % Loop

mpy = 350 GeV

& On-shell kink ¢ = 4M?

[2HBM] [ m,+ =350 Gev

pp I (S2)

pp - h ~yy(D1)
T

o [fb/bin]

w

& [fblbin]

N N
R I L

°= T T T = °§
5 . i B
o EFT error | I"r ©
—05E improved EFT error ** 1 800
100 200 300 400 500 my, [GeV]
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Analysis

Cataloguing departures

& | CATEGORY I:

& Incomplete p? dependence from the virtual heavy—field exchange

& Modified bulk shapes (yet far from threshold)

pp - Vh(T4) pp - hh(s4)
= 103? T 3 = F— — — T —T
Q E B o B b
] F ] 3 15 N
° 10%k < o r ]
£ 3 [ SM ]
L ] 1- -
10¢ [ ]
1 0sf ]
E FELH full (no H) full
10‘1; . = E‘FT‘(no‘ p‘de;‘J.) | i EF Y

S - r & =0'57 EFT error ‘ '

3 5 0 ks 5 of= —

-t -0.5¢ ‘ L g
400 600 800 1000
m,, [GeV] my, [GeV]




Cataloguing departures

Analysis

& | CATEGORY II:
& Default VS v-improved matching g

A=+2Xsvs| VS |A=mpg

_ (As v)2
CH~ | —/— —
H 22 Vs

& Effects on couplings & rates ;

s [ 30 o]

singlet EFT (default) EFT (v-improved)
mp  sina  Afelet | oA g AEFT TEFT ey  AEFT CEFT
Tfall | g Tfall | g
g geF

500 0.2 —0.020 | 491 0.036 —0.018 1.006 0.040 —0.020 1.001
350 03 —0.046 336 0.073 —0.037 1.019 0.092 —0.046 1.000
200 0.4 —0.083 190 0.061 —0.031 1.119 0.167 —0.083 1.000
1000 0.4 —0.083 918  0.183 —0.092 0.982 0.167 —0.092 0.999
500 0.6 —0.200 407  0.461 —0.231 0.925 0.400 —0.200 0.999
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Analysis

Cataloguing departures

& Default VS v-improved matching = ,Effects on kinematics
] 2 80
2 g
o 30 o

60

20

full
v-improved EFT

40,

20

EFT
v-improved EFT

3| 0.5 3 S| 0.5F T T T =
© = EFT error © = ) GEFT
5 oR : - 5 o v-improve: error
& v-improved EFT error & o
-0.5t . , \ \ | -0.5t . \ 7 B
50 100 150 200 250 0 50 100 150 200
Y Pry [GeV]
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Analysis

Cataloguing departures

» [caTEGORY i [Fruncating ond matcting| |

& Suppressed MY,
& | M%|2 terms in | MY, + M9|? may dominate — while Mg x M <« M52

-~ Vh Tl
_ S ud - udh T4
= —_ 8 T T T T T T T T T T T T
a dotted: full vector triplet £ 008 T ! )
8 g dotted: full vector triplet
° °
0.06]
0.04
0.02
without O? 0 - 2 =
E v v 0y I : 8 WL - i
500 600 700 [GGS? 500 600 700 800
M P, 1 [Gev]

[Biekotter, Brehmer, Kramer, Plehn, in preparation]
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Analysis

Cataloguing departures

& | CATEGORY I

& Departing trajectories in the signal strength plane

Cranmer, Kreiss, DLV, Plehn ['14]

T T T T T T T T T

0.6

2HDM II

\ sin(B-a) > 0.98

tanB=1.5

!
Hypree

0.8

sin(B-o) > 0.98 b
tanp=1.5

2HDM Il |

sin(B-0) > 0.98
tanp=15

0.6

0.8
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Take—home ideas

Birds-eye summary

Model Process EFT failure
resonance kinematics matching

- on-shell h — 4¢, WBF, V'h, ... X
off-shell WBF, ... (%) X
hh X X X
[2HDM | on-shell h — 4¢, WBF, Vh, ... X
off-shell b — 77, ... (X) X
hh X X X
G- e x
e ] o ) x
Vh X (x) X

David Lépez-Val - CP3 Université catholique de Louvain Higgs Effective Theory to its limits



Take—home ideas

Take—home ideas

® ’ Robustness of Higgs EFT—based predictions is challenged at the LHC ‘

BRI B

® ’ L‘:,SEFT satisfactory for weakly coupled new physics within LHC reach

(of limited interest

though).

® ’ EFT fails when expected:

& Missing light resonances & incomplete kinematic structures

& Competing higher orders

& Ambiguous matching & truncation
e Due to b strong couplings b light scales b VEV-induced scales
o Visible as:

& Innaccurate coupling shifts, total rates & correlations

& On-—shell peaks and loop thresholds

& Distorted shapes (bulk, tail)

& | HEFT versus full model agreement can be improved:

b v-improved matching & b non-linear EFT [Gonzalez-Fraile, Freitas, DLV, Plehn, in

progress|
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